Sensory stimulation evokes intracellular calcium signals in astrocytes; however, the timing of these signals is disputed. Here, we used novel combinations of genetically encoded calcium indicators for concurrent two-photon imaging of cortical astrocytes and neurons in awake mice during whisker deflection. We identified calcium responses in both astrocyte processes and endfeet that rapidly followed neuronal events ($120 ms after). These fast astrocyte responses were largely independent of IP 3 R2-mediated signaling and known neuromodulator activity (acetylcholine, serotonin, and norepinephrine), suggesting that they are evoked by local synaptic activity. The existence of such rapid signals implies that astrocytes are fast enough to play a role in synaptic modulation and neurovascular coupling.
In Brief
Stobart et al. have identified fast astrocyte calcium signals that rapidly follow neuronal signals evoked by whisker stimulation in awake mice. These astrocyte signal dynamics are sufficiently fast to influence cortical information processing and/or neurovascular coupling.
INTRODUCTION
Astrocyte calcium signaling plays a pivotal role in the modulation of synapses (Araque et al., 2014) and local blood flow (Attwell et al., 2010) ; however, the temporal dynamics of these signals is currently debated (Ding et al., 2013; Gee et al., 2014; Lind et al., 2013 Lind et al., , 2018 Nizar et al., 2013; Otsu et al., 2015; Wang et al., 2006; Winship et al., 2007) , calling into question the function of astrocytes in these brain processes. Many of these studies have focused on cytosolic calcium signals, primarily in astrocyte somata (Ding et al., 2013; Lind et al., 2013; Nizar et al., 2013; Wang et al., 2006; Winship et al., 2007) , but recent work with genetically encoded calcium indicators (GECIs) has identified localized calcium signals within fine astrocyte processes (Agarwal et al., 2017; Bindocci et al., 2017; Lind et al., 2018; Otsu et al., 2015; Srinivasan et al., 2015; Stobart et al., 2018) . These microdomains (MDs) can be driven by activation of the circuit and nearby neurons (Bindocci et al., 2017; Stobart et al., 2018) and they may be more relevant for information processing than large-scale calcium events. Fast astrocyte process calcium signals have previously been reported in the CNS of anesthetized mice (Lind et al., 2013 (Lind et al., , 2018 Otsu et al., 2015) , but the evidence for temporal coupling of astrocyte MDs and neurons in awake animals is currently lacking. Furthermore, neuromodulatory pathways (such as the locus coeruleus and nucleus basalis) can evoke large-scale astrocyte calcium responses through mechanisms mediated by G-protein-coupled receptors (GPCRs) and inositol-1,4,5-trisphosphate (IP 3 ) type 2 receptors (IP 3 R2; Chen et al., 2012; Ding et al., 2013; Paukert et al., 2014; Srinivasan et al., 2015; Takata et al., 2011) , and this can enhance the responses of astrocytes (Paukert et al., 2014) and neurons to local circuit activity (Chen et al., 2012; Takata et al., 2011) . However, the influence of such neurotransmitters on the timing of astrocyte signals is unknown.
Here, we characterized the spatio-temporal calcium dynamics of astrocyte MDs in awake mice and their relationship with nearby neuronal dendrites and somata during different stages of circuit activation (spontaneous or sensory stimulation) to settle the dispute over the timing of astrocyte calcium signals and to better understand the role of these cells in cortical circuits. Our results indicate that fast astrocyte microdomains are evoked by sensory stimulation, and these events are largely independent of neuromodulator activity and IP 3 R2-mediated signaling.
RESULTS AND DISCUSSION
We combined GECIs to examine the temporal dynamics of neurons (RCaMP1.07; Ohkura et al., 2012; Pilz et al., 2016) and astrocyte cytosolic MDs (cyto-GCaMP6s; Stobart et al., 2018) or ramified process MDs (Lck-GCaMP6f; Agarwal et al., 2017; Haustein et al., 2014; Institoris et al., 2015) in the layer II/III whisker barrel cortex of awake mice, using two-photon imaging ( Figures 1A-1C , details in the STAR Methods). Both GCaMP AAV constructs specifically labeled astrocytes without inducing astrogliosis ( Figure S1 ; Appaix et al., 2012) . Regions of interest (ROIs) were selected by hand from visible structures (neuronal somata, astrocyte somata, and astrocyte endfeet) or by an unbiased algorithm that identified active pixels (neuronal dendrites and astrocyte processes; Figures 1D and 1E ; Barrett et al., 2018; Ellefsen et al., 2014; Stobart et al., 2018) . Single whisker deflection (90 Hz for 8 s, Videos S1 and S2) evoked more ROIs in neurons and astrocytes per field of view (Figures 1F and 1G) and increased the mean signal amplitude, signal duration, and the active MD area of both GCaMPs ( Figure S2 ) compared to trials without stimulation. These signaling characteristics were similar to previous reports for these GECIs (Agarwal et al., 2017; Bethge et al., 2017; Srinivasan et al., 2015; Stobart et al., 2018) . We also considered the robustness of astrocyte responses over repeated trials by determining the fraction of the total astrocyte area that was active in two or more trials (repeated response [R.R.] score). We observed a high degree of variability in cyto-GCaMP6s repeated responses ( Figure S2E ), suggesting that the same MDs were not activated during stimulation, similar to our previous results in anesthetized mice (Stobart et al., 2018) . However, whisker stimulation increased the repeated response scores from Lck-GCaMP6f expressing cells ( Figure S2J ), indicating that a larger fraction of the astrocyte area responded to multiple trials of stimulation, possibly due to the proximity of the membrane-tagged GCaMP6f to active synapses. We next examined the timing of signal peaks relative to the start of whisker stimulation by considering the peak onset latency (defined as the earliest time point at which the fluorescent signal [dF/F] reached 2.5 SD of the baseline) and the latency to peak maximum (the time point of maximal signal amplitude; Figure 1A , lower right) in both neurons and astrocytes. In order to more closely examine the response to stimulation, we only considered signals that occurred before defined time thresholds calculated independently for cyto-GCaMP6s and Lck-GCaMP6f based on the upper bound of the 99% confidence interval of the log-transformed onset or peak latency time distributions (for more details, please see the STAR Methods). Neurons responded to whisker deflection with a peak onset near the start of stimulation ( Figures 1H-1K ) and reached peak maximum during the stimulus period ( Figures 1L-1O ). Astrocyte MDs displayed a range of peak onset latencies ( Figures 1H and 1J ) and latency to peak maximum times ( Figures 1L and 1N ) that were delayed compared to the neurons ( Figures 1I, 1K, 1M , and 1O). These temporal dynamics were similar to previous reports that argue that astrocyte calcium signals are too slow to be involved in mechanisms like neurovascular coupling (Ding et al., 2013; Gee et al., 2014; Nizar et al., 2013; Wang et al., 2006) .
Although we detected numerous slow astrocyte calcium signals (Figure 1) , we also identified a Lck-GCaMP6f sub-population of fast MDs (8.3% of ROIs; Figures 2A-2C ) by considering astrocyte events that occurred within the median onset time of neurons during stimulation (1.098 s). The remaining astrocyte ROIs (with an onset between 1.098 and the Lck-GCaMP6f onset threshold [12.76 s]) were considered delayed MDs. Whisker stimulation evoked more fast MDs ( Figure S3C ) and these ROIs were not due to bleed-through from the RCaMP channel ( Figure S3D ). Fast MDs had a peak onset latency on a similar scale to neurons (mean neuronal onset = 270.7 ± 4.3 ms; mean fast MDs onset = 588.5 ± 21.2 ms; mean delayed MDs onset = 5.45 ± 0.05 s; Figure 2E ). They also reached maximum amplitude before neurons and delayed MDs ( Figure 2F ), likely due to the single-event nature of the Lck-GCaMP6f signals, unlike neurons that displayed oscillating calcium signals for the entire duration of the stimulus (traces in Figures 1D and 1E and Figures 2C  and 2J ). In order to examine the temporal differences between neurons and fast MDs more closely, we identified fast astrocyte ROIs during frame scan image acquisitions and collected line scans over the fast MD areas ( Figures 2I and 2J ). The mean onset latency of line scan fast astrocyte MDs was not different from neurons (mean neuronal onset = 208.4 ± 26.7 ms; mean fast (A) During surgery, adeno-associated viruses were injected before chronic cranial window implantation. Animals were trained for head-restrained, awake twophoton imaging, using a water reward. Images of GCaMP6 and RCaMP1.07 were collected during 90 Hz single whisker deflection and analyzed using our MATLAB toolbox, Cellular and Hemodynamic Image Processing Suite (CHIPS; Barrett et al., 2018) . ROIs were identified by an algorithm for grouping active pixels (astrocyte processes and neuronal dendrites; Ellefsen et al., 2014) or hand-selecting cellular structures (somata [neurons and astrocytes] and endfeet). Signal peaks (lower right) from ROIs were analyzed for amplitude and duration, but also timing relative to stimulus onset (OL, peak onset latency; PL, latency to peak maximum). MDs onset = 333.1 ± 43 ms, p = 0.205); however, onset times were distributed across the 1.098 s window ( Figure 2K ) and the median latencies were different (median neuronal onset = 76.6 ms, median fast MD onset = 182.2 ms). GCaMP6f and RCaMP1.07 have comparable rise time kinetics (Chen et al., 2013; Ohkura et al., 2012) , suggesting that the difference in peak onset latencies occurred because fast MDs closely followed neurons, and this delay is similar to what has been reported in anesthetized animals (Otsu et al., 2015) . Our data suggest that the same fast MDs were activated over repeated trials in the short and long term, particularly because we were able to record fast MD temporal dynamics with line scans over previous fast ROIs. However, statistical analysis of the stability and repeatability of fast MD responses (as in Figure S2 ) was not possible and requires the acquisition of more stimulation trials in future studies. Fast calcium signals were also detected in endfeet ROIs and they had similar onset latencies and rise times (latency to peak maximum) as fast process MDs ( Figures  2L-2N ). These characteristics suggest endfeet signals are fast enough to play a role in neurovascular coupling, as has been proposed by other studies (Bindocci et al., 2017; Lind et al., 2013; Otsu et al., 2015) . Fast MDs were also more correlated with active neurons (Figure S3E ), which could reflect the close proximity of astrocyte processes and the membrane-tagged GCaMP6f sensor to active synapses (Bindocci et al., 2017) . In fact, this fast MD population was only detectable with Lck-GCaMP6f, as the number of fast cyto-GCaMP6s MDs did not increase following stimulation and these ROIs typically had long signals ( Figures S3A and S3B ). This may explain why other studies, particularly those that used chemical calcium indicators and focused more on large somatic calcium events, have failed to detect rapid astrocyte signals (Ding et al., 2013; Nizar et al., 2013; Wang et al., 2006) . It is also possible that we did not detect fast cyto-GCaMP6s signals because we monitored larger fields with numerous neurons and astrocytes, unlike previous work in the olfactory bulb where fast astrocyte transients were detected in fine astrocyte processes with cytosolic GCaMP3 (Otsu et al., 2015) .
We also examined astrocyte-neuron temporal coupling during different stages of circuit activity (spontaneous or sensory stimulation) by calculating the peak onset latency difference between each astrocyte ROI and its nearest neighboring neuronal ROI ( Figure 2D ). During trials without stimulation, astrocyte MDs had a broad distribution of onset time differences relative to neurons, which was centered close to zero (median = 0.338 s; Figure 2G ). This suggests that spontaneous astrocyte calcium signals were uncoupled from neuronal activity overall, though a small subset was synchronized with nearby neurons (i.e., a time difference near zero). Upon stimulation, the distribution of astrocyte-neuron onset time differences shifted toward later times (median = 3.463 s) and the number of time differences near zero increased ( Figure 2H ). This indicates that astrocyte-neuron temporal coupling was altered during local circuit activation, where astrocyte MDs closely followed neighboring neurons, which resulted in an elevated synchrony between the two cell types (time difference near zero). The direct comparison of astrocyte-neuron temporal dynamics was facilitated by the use of two different GECIs to properly segregate sub-cellular compartments in each cell type. This presents an advantage over previous studies using a single calcium indicator, which required data fitting and interpolation to detect fast astrocyte signals (Lind et al., 2013 (Lind et al., , 2018 . We also grouped neuronal ROIs into high, mid, and low responders (Margolis et al., 2012) based on their amplitudes and found that high responders were the most correlated and closely associated with active Lck-GCaMP6f ROIs (Figures S3F and S3G) . This indicates that astrocytes may sense the magnitude of neuronal responses, which is potentially an important feature of their role in cortical circuits.
Numerous different ion channels and receptors have been shown to induce astrocyte calcium signals, many through IP 3 R2-mediated release from the endoplasmic reticulum (Chen et al., 2012; Ding et al., 2013; Dunn et al., 2013; Malarkey et al., 2008; Rungta et al., 2016; Shigetomi et al., 2011) . We repeated our experiments in mice lacking IP 3 R2 (Itpr2 or Ip3r2 À/À mice) to examine the contribution of these receptors to fast astrocyte MDs. These mice had fewer astrocyte MDs compared to littermate controls (Agarwal et al., 2017; Srinivasan et al., 2015; Stobart et al., 2018) , but whisker stimulation evoked an increased number of active MDs ( Figures 3A, 3B , and 3D; Stobart et al., 2018). We detected fewer delayed MDs (defined as in Figure 2 ; Figures  3E and 3F ). This suggests that IP 3 -mediated signaling significantly contributes to the prevalence of these delayed events. The remaining $21% of the MD population were fast and the number of these MDs per field of view and their mean onset latency were not different between Ip3r2
À/À and controls (Ip3r2 +/+ ; Figures 3E and 3F ). Nevertheless, we observed a reduction in signal amplitude in both fast and delayed MDs (see arrow in Figures 3C and 3G ), suggesting that a component of fast MDs involves IP 3 R2-mediated signaling, but that this does not affect the rapid temporal dynamics. While these knockout mice have been used extensively in the field to study astrocyte calcium, it is important to note that they have normal synaptic plasticity (Agulhon et al., 2010) other IP 3 receptors (IP 3 R1 and IP 3 R3) underlie localized transients in astrocyte processes (Sherwood et al., 2017) . Thus, we cannot rule out a role for GPCRs and IP 3 -mediated signaling in fast astrocyte MDs. Neuromodulatory pathways, such as norepinephrine projections from the locus coeruleus and cholinergic innervation from the basal forebrain, can induce large-scale astrocyte calcium transients (Chen et al., 2012; Ding et al., 2013; Paukert et al., 2014; Srinivasan et al., 2015; Takata et al., 2011) and influence neuronal responses to local circuit activation (Sara, 2009 ). We assessed whether neuromodulatory antagonists attenuated fast and delayed astrocyte MDs evoked by whisker stimulation, by imaging the same cell populations before and after intraperitoneal (i.p.) injection of specific blockers (Figure 4 and Figure S4 ). Drugs that affect norepinephrine signaling (trazodone, a broadspectrum inhibitor of adrenergic, serotonergic, and histaminergic receptors, prazosin, a selective a 1 -adrenergic receptor blocker, and DSP4, a locus coeruleus neurotoxin) reduced the total number of astrocyte signals that we detected ( Figure 4A and Figure S4A ), by inhibiting delayed MDs but not fast MDs (Figures 4B and 4C and Figures S4B and S4C) . These drugs also increased the onset latency and decreased the amplitude of delayed MDs, without affecting the timing and amplitude of fast MDs ( Figures 4E and 4F and Figures S4D and S4E ). This suggests that norepinephrine can influence astrocyte responses to cortical circuits, particularly on longer timescales, but that fast MDs are mediated by local synaptic activity and not strictly by ''startle'' of the animal (Ding et al., 2013; Paukert et al., 2014; Srinivasan et al., 2015) . Atropine, a muscarinic receptor antagonist, had effects similar to norepinephrine antagonists and also reduced the number of delayed MDs and increased their onset latency, without affecting fast MDs (Figure 4 ). This indicates that basal forebrain cholinergic pathways can also influence astrocytes on longer timescales, without changing rapid responses to local barrel circuits, which has important implications for the role of astrocytes in attention and cognitive processing. Finally, we did not observe effects of metergoline, a serotonin receptor antagonist, on astrocyte calcium signals evoked by whisker stimulation, though we did detect an overall increase in astrocyte spontaneous activity ( Figure S4C ), possibly due to the dopamine receptor agonist activity of this drug. Also, in most cases, these neuromodulatory drugs did not significantly change neuronal responses, though DSP4 decreased spontaneous neuronal activity ( Figure S4F ) and trazodone and metergoline reduced the number of neuronal signals evoked by whisker stimulation (Figure S4G) . Our results provide the necessary first steps to clearly show that fast astrocyte responses are evoked by cortical circuit activity, without significant influence of neuromodulatory pathways, and detailed studies of the underlying signaling of these fast signals will follow in future studies.
In summary and to the best of our knowledge, we have identified, for the first time, fast astrocyte calcium microdomains in fine processes and endfeet that closely follow nearby neuronal activity evoked by sensory stimulation in awake mice. These observations were made possible by the increased sensitivity of membrane-anchored GCaMP6f to microdomain signals, which likely explains why previous studies reported only delayed signals (Ding et al., 2013; Gee et al., 2014; Nizar et al., 2013; Stobart et al., 2018; Wang et al., 2006) . In addition, combining astrocytic GCaMP6f with neuronal RCaMP1.07 allowed us to distinguish each cell population uniquely and to more closely examine different sub-cellular compartments, which are significant improvements over previous studies (Lind et al., 2013 (Lind et al., , 2018 . This work provides new insight into the timing of activity in astrocyte and neuron fine structures and suggests that astrocyte activity is fast enough to play a key role in fundamental brain functions, such as synaptic modulation or neurovascular coupling.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Cereb. Cortex 28, [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] Takata, N., Mishima, T., Hisatsune, C., Nagai, T., Ebisui, E., Mikoshiba, K., and Hirase, H. (2011) . Astrocyte calcium signaling transforms cholinergic modulation to cortical plasticity in vivo. J. Neurosci. 31, 18155-18165. Wang, X., Lou, N., Xu, Q., Tian, G.-F., Peng, W.G., Han, X., Kang, J., Takano, T., and Nedergaard, M. (2006 ; Li et al., 2005) were housed under an inverted 12-hr light/dark cycle. Genotyping of Ip3r2 mice was conducted as described previously (Li et al., 2005; Stobart et al., 2018) . Each animal underwent surgery at 8-10 weeks old, training for the head-restraint/water reward paradigm, and imaging regularly ( 
METHOD DETAILS
Cloning and virus production The RCaMP1.07 gene (Ohkura et al., 2012; Pilz et al., 2016) was cloned into a plasmid backbone containing adeno-associated virus (AAV2) inverted terminal repeats and the human synapsin (hSYN) promoter (M€ achler et al., 2016) . The GCaMP6s gene (Addgene plasmid #40753; Chen et al., 2013) was cloned into a plasmid backbone containing a shorted glial fibrillary acidic protein (gfaABC1D) promoter (M€ achler et al., 2016; Stobart et al., 2018) . These plasmids were packaged into AAV serotype 9 (AAV2/9-hSYN-RCaMP1.07 and AAV2/9-gfaABC1D-GCaMP6s by the University of North Carolina Vector Core. AAV2/5-gfaABC1D-Lck-GCaMP6f was purchased from the University of Pennsylvania Viral Vector Core.
Surgery and virus injection
The surgery was conducted as previously described (Stobart et al., 2018) . On the first day, animals were fitted with a dental cement head cap (Tetric EvoFlow; polymerized with blue light) and custom-made aluminum head post, while under isoflurane (4% for induction, 1%-2% for maintenance). On the second day, the animal was anesthetized with midazolam (5 mg/kg), fentanyl (0.05 mg/kg) and medetomidine (0.5 mg/kg), and a craniotomy was cut over the barrel cortex using the intrinsic optical imaging map as a reference (see details below). A pipette and hydraulic pump were used to inject virus (300 nL at 50 nL/min) at a depth of 400 -500 mm into two different whisker areas. The approximate virus concentration in each mix was: a) 2.4 3 10 12 particles/ml of AAV2/9-hSYNRCaMP1.07 and 1.6 3 10 12 particles/mL of AAV2/9-gfaABC1D-GCaMP6s and b) 2.4 3 10 12 particles/mL of AAV2/9-hSYNRCaMP1.07 and 1.2 3 10 12 particles/mL of AAV2/5-gfaABC1D-Lck-GCaMP6f. A square coverslip (3x3 mm) was lightly pressed on the exposed brain and fixed with dental cement to the head cap. The animal was given buprenorphine (0.1 mg/kg) for 3 days following the surgery.
Intrinsic optical imaging
The whisker barrel area in the left somatosensory cortex was mapped by intrinsic optical imaging (IOI; see details below) through the skull (before craniotomy) or the cranial window (before two-photon imaging) to identify specific whisker areas. Under 630 nm illumination, images were acquired using a 12-bit CCD camera (Pixelfly VGA, PCO Imaging) focused 400 mm below the cortical surface. The brain region activated by a single whisker deflection (10 Hz, 6 s) was identified by increased light absorption (due to increased blood flow).
Behavior training
One week after surgery, training for awake two-photon imaging commenced. First, the animals were handled several times a day for 3-5 days until they were comfortable with the experimenter. Then, they were introduced to the head fixation box by restraining them via the implanted head post multiple times a day starting with restraint for several seconds up to several minutes. Following multiple days of such acclimatization, the animals were deprived of water overnight and presented with water from a lick spout while head restrained. Once the animals licked freely from the spout, a water drop was presented in sync with an auditory cue at the end of a 10 s trial. The goal was to train the animal to sit still and become accustomed to a whisker stimulus during the trial, whereby they received water as a reward. The whisker stimulus was presented by threading a single whisker into a glass capillary affixed to a piezo element (T223-H4CL-303X; Piezo Systems) vibrated at 90 Hz. Once the animal learned to sit still for the duration of the trial, the length of trials was increased to 90 s. The total time to train each animal was 3-4 weeks.
Awake two-photon imaging Animals were imaged while performing the water reward task under a custom-built two-photon laser-scanning microscope (Mayrhofer et al., 2015) with a 20x water immersion objective (W Plan-Apochromat 20x/1.0 DIC VIS-IR, Zeiss). RCaMP1.07 and
